Abstract: There are several kinds of periodic surface structures, ranging from dots to ripples. The most common pattern is a ripple-like structure, where the direction of the ripples is parallel with the main polarisation of the laser beam. The distance between individual ripples (their period) depends on several factors, namely: the chemical structure of the polymer, wavelength of the laser irradiation and the angle of laser beam incidence. Oriented polyethylene naphthalate (PEN) foils with a thickness of 50 µm were used. The samples were irradiated with a KrF laser under laser beam incidence 0-45° to the laser beam. Selected polymer samples were also exposed by irradiation through a contact mask. Surface roughness and the dimensions of the ripple-like structures were measured by atomic force microscopy in tapping mode. The concentration of the elements on the surface was obtained from Angle Resolved X-ray Photoelectron Spectroscopy (ARXPS) spectra measured by X-ray Photoelectron Spectroscopy (XPS) spectrometer. The surface morphology and dimensions of prepared structures were evaluated and compared with those prepared on pristine samples without mask. The transition between the irradiated surface under the slits and the shielded surface in between the slits was evaluated. The optimal input parameters for nanopattern with high periodicity were determined. The shape and the surface roughness of the ripple pattern depend strongly on the angle of incidence of the laser beam. The surface roughness and ripple width increase with the angle of 400 P. Slepička et al.
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Introduction
By combination of laser deposition or laser nanomanufacturing methods which enable large-area fabrication of micro-or nano-surface structures with tunable dimensions it is possible to prepare laser induced nanopatterns on different types of solid state surfaces, such as polymers [1] , silica [2] or glass [3] . Modified substrates after treatment can be prepared for further functionalisation, such as RGD peptides micro-patterning [4] . The periodic pattern on solid state surface can be constructed by means of an excimer laser [1] [2] [3] [4] , which allows construction of a periodic pattern of defined homogeneity and periodicity, mostly on polymers. Laser-induced periodic surface structures (LIPSS) on single-crystalline silicon, upon irradiation with linearly polarised pico-second laser pulses were studied theoretically and experimentally. An experimental approach was presented for the determination of irradiation parameters of extended surface areas homogenously covered with LIPSS [2] . The laser induced periodic surface structures may be constructed by the use of laser under nanosecond [1] , pico-second [5] or femto-second [6] beam irradiation. The influence of surface plasmon-polariton waves on pattern formation upon laser ablation was studied [6] and it was found that under such conditions properties and morphology of the observed periodic patterns contradict the theory of the plasmonic nature of the LIPSS [6] . The processes of UV excimer laser irradiation (both high-and low-fluence) have been also intensively studied on polyamide [7] or poly(ethylene terephthalate) (PET) [8] fibre. Periodic patterns can be also prepared by interaction of semiconductor [9] or excimer [10] laser with doped polymers.
The mechanism of LIPSS creation was experimentally confirmed on several polymer types, like PET [11, 12] , polystyrene (PS) [13] or PEN [14] . Different types of surface structures have been observed and were described according to their periodicity and orientation considering laser beam polarisation and also angle of laser beam incidence [15] . The optimal input parameters for ripple nanopatterning with high regularity of nanostructured PEN surface were determined earlier. The surface roughness and properties of nanostructures are strongly dependent on number of laser pulses applied. LIPSS structures have been also constructed on cross-linked azo-polymer films [16] . Cross-linking mechanism based on the scission of azide with formation of azo-groups was proposed and the possible relationship between this chemical modifications and the formation of ripples at the bottom of laser ablation cavities was discussed [16] . Laser interference lithography as an efficient technique for micro-patterning of biopolymer surface has been also proposed [17] with the possibility of regular pattern formation. Periodic surface pattern can be used for advanced analytical techniques, e.g., as substrates for surface-enhanced Raman scattering [18] where the metallisation of nanopattern surface plays an important role [19] . Excimer laser irradiation has been also recently applied on biopolymer surface, where under certain conditions periodic structures can be also constructed [20] or roughness and ablation can be significantly increased [21, 22] . LIPSS on polymers with [23] or without [24] metal nanowires can be also used for activation and growth support of different cell types. LIPPS can be used as a promising method to control and cellular behaviour due to morphology changes, which can support nanoscale surface features introduced on polymer surface [25] , and this method provides an interesting new tool for stem cell biology and applications in the regenerative medicine field [26] . Recently it has also been shown that mould based approach for LIPSS can be applied [26] . This method enables the application of nanoscale structures that are highly organised, but at the same time contain a certain level of disorder, which was shown to be beneficial for directed cellular responses [26] . Other promising LIPSS applications are self-organised formation of gold nanowires [23, 27] , nanostructure induced alignment of biological cells cultivated on polymer substrates [24] or novel biodevices applications [28] .
The periodic ripple structures on PEN surface induced by irradiation with KrF excimer laser under laser beam incidence between 0 and 45° are investigated in this paper. The surface chemistry and morphology changes induced by laser are presented. The changes in the surface morphology were studied with atomic force microscopy (AFM), and chemical structure was analysed with Angle Resolved X-ray Photoelectron Spectroscopy (ARXPS) and Fourier Transform Infrared Spectroscopy (FTIR). For selected samples the irradiation with excimer laser was performed with use of contact mask with the aim to compare the surface properties induced by treatment with/without the mask.
Experimental

Materials and methods
Oriented PEN foils with a thickness of 50 µm (T m ~ 250-290°C, T g ~ 120°C, supplied by Goodfellow Ltd., UK) were used. The PEN samples were irradiated with a KrF-laser (Lambda Physik Compex Pro 50, wavelength of 248 nm, repetition rate 10 Hz) under different angles of laser beam incidence. For the sake of illumination homogeneity only central part of the beam profile, defined by an aperture 5 × 10 mm 2 , was used for the irradiation. The samples were mounted onto a translation stage and scanned at the different angles of the laser beam incidence (0, 22.5 and 45°) with respect to the sample surface normal. The laser fluence used in present experiment was in interval 6-14 mJ cm -2 . The number of pulses applied to the samples was constant (6000 pulses) throughout the experiment except of those intended for oxygen concentration determination. The optical table Performance 07OTM501 (Melles Griot) with air pressured outriggers was used. For the polarisation a cube of UV grade fused silica 25 × 25 × 25 mm 3 with active polarisation layer was used. Optical path was constructed from dielectric mirrors from SiO 2 for reflectance 248/633 nm. The stage with the samples were directed by Laser XY software, the motorised shift NRT100/M2 (Melles Griot).
Selected PEN samples were irradiated with the use of contact mask. The contact mask was created on a glass substrate (thickness 1 mm, material Spectrosil®, supplied by UQG Ltd., UK). Opaque chromium layer (thickness 100 nm) was deposited on cleaned substrate by sputtering technique (Q150 T Turbo-Pumped Sputter Coater/Carbon Coater, Quorum Technologies Ltd., UK) and a series of 20 × 1000 µm 2 slits with a period of 40 µm were patterned by electron beam lithography (VEGAII, TESCAN Brno, s.r.o., Czech Republic).
The surface morphology was examined using an AFM. The AFM images were taken under ambient conditions on a Digital Instruments CP II set-up. The 'tapping mode' was chosen for the measurements to minimise damage to the sample's surface. A Veeco oxide-sharpened P-doped silicon probe RTESPA-CP attached to a flexible microcantilever was used near its resonant frequency of 300 kHz. The scans were acquired at ambient atmosphere at a line scanning rate of 1 Hz. All surfaces were characterised both quantitatively by measuring the mean roughness (R a ) and morphology. R a represents the arithmetic average of the deviations from the centre plane of the sample.
An Omicron Nanotechnology ESCAProbeP spectrometer was used to measure ARXPS spectra. The 2 × 3 mm 2 area was analysed. The X-ray source provided monochromatic radiation of 1486.7 eV. The spectra were measured stepwise with a step in the binding energy of 0.05 eV. The spectra evaluation was carried out by using CasaXPS software. The concentrations of the elements are given in at%.
Infrared spectroscopy analysis was performed with FTIR spectrometer NICOLET 6700 measuring in interval 7500-350 cm -1 was used. The differential spectra were determined as a difference between absorbance of pristine samples and samples subjected to different modification steps.
Results and discussion
Surface morphology and roughness of the PEN samples irradiated by the 248 nm laser light (by fluences 6, 10 and 14 mJ cm -2 ) under different angles of incidence are introduced in Figure 1 and the relevant data in Figure 2 . From Figure 1 it is evident that the optimal conditions for the periodicity of the ripples can be induced by exposure with 10 mJ cm -2 and 6000 pulses. In comparison with the pristine PEN (average roughness R a below 1 nm) the roughness of laser irradiated PEN increases significantly with increasing laser fluence. It is known that the interference between the incoming wave and the surface scattered waves plays an important role in the structure formation. The interference between the waves causes an inhomogeneous intensity distribution which, together with a feedback mechanism, results in the enhancement of the modulation depth. However, the whole mechanism is more complex and different processes have been reported as responsible for ripple formation, such as thermal and non-thermal scissoring of polymer chains, amorphisation of crystalline domains, local surface melting, photooxidation and material transport [29] .
The average surface roughness (R a ) slightly increases with increasing laser fluence if the perpendicular position laser beam (0°) is used. As it is obvious from Figure 2 , the maximum of the R a is achieved for the fluence 10 mJ cm -2 . Under these conditions also the optimal periodic pattern is achieved, as was described previously [14] . Rather different situation was observed for treatment under 22.5°. The first stage of the ripple formation is connected with the increase of R a . If we use the fluence 10 mJ cm -2 , there is a slight increase of roughness, probably connected with the creation of optimal periodic pattern, which was also confirmed by the AFM. Under angle of incidence 22.5° if we further increase the laser fluence above 11 mJ cm -2 (the maximum 25.2 nm of the R a is achieved at 11 mJ cm -2 ), the significant decrease of R a was observed. The decrease is caused by the collapse of the ripple pattern. As it is obvious from Figure 1 (2nd line) , the PEN treated under the angle 22.5° and with laser fluence 14 mJ cm -2 has the roughness 3.2 nm, and the periodic pattern collapses. The different trend can be observed if we expose the PEN foil under the angle of incidence 45°. The continual increase of R a is observed. Even though the periodic pattern collapses for values of laser fluence higher than 12 mJ cm -2 , a certain degree of periodicity still remains even for higher laser fluences. Surface morphology of PEN treated with 14 mJ cm -2 and under the angle of incidence of 45° is introduced in Figure 1 (3rd line) . While it is evident that the highest surface roughness is observed in this case (Ra = 43.7 nm), which is about of two orders higher than that of pristine PEN, a certain degree of periodicity is still preserved (Figure 1 ). The dependence of ripple width and height on laser fluence is introduced in Figure 3 . It is evident that the width of the ripple pattern increases with the angle of sample position to the applied laser fluence. It can be concluded that the ripple pattern can be prepared on the PEN foil in the interval of laser fluencies 6-12 mJ cm -2 . The width of the pattern for the perpendicular position of the laser beam to the sample (0°) is in interval approx. 225-240 nm, for the pattern prepared under angle of laser beam incidence 22.5° it is approx. 290-305 nm, while for the irradiation applied under the angle 45° reaches the width interval approx. 390-430 nm, as it is obvious from Figure 3 . The increasing trend of the ripple width has been reported also earlier for other polymers, e.g., for PET [15] . With higher laser fluence applied the ripple pattern slowly diminishes, while for 14 mJ cm -2 no ripple pattern can be observed (Figure 1 ). The height of ripples was in good accordance with R a . The maximum value of pattern height for samples treated under angle of incidence 0° was achieved for laser fluence 10 mJ cm -2 , for angle of incidence 22.5° it was 9 mJ cm -2 and for angle of incidence 45° it was 11 mJ cm -2 . The PEN foils treated under angle of incidence 45° exhibited the linear increase of ripple height with increasing laser fluence. During our study we have also focused on the early stages of the ripple pattern growth with the aim of surface chemistry study. Therefore we analysed the surface oxygen concentration for the samples treated with 8 mJ cm -2 at perpendicular position of the sample in respect to the laser beam (the samples, where at 6000 pulses the a homogenous ripple pattern was first observed). We focused on the early stages of the ripple pattern formation (number of pulses 100, 500 and 2000). As it is obvious from Figure 4 the oxygen concentration is changed significantly with the number of laser pulses. The fluctuation of oxygen concentration on the PEN surface have been also observed earlier on PEN at higher number of laser pulses, and results from the mass fluctuation and significant surface morphology changes during the early stages of pattern formation [14] . The sample with highest oxygen concentration was studied with FTIR spectroscopy with aim to detect surface oxygen containing group induced on PEN surface. The differential spectra of PEN were analysed (the spectrum of pristine PEN has been subtracted from the spectrum of laser irradiated PEN). We have found that during laser irradiation the carbonyl and carboxyl groups appear on the PEN substrate, which may also further influence the grafting processes, e.g., in case of biosensor construction. We selected irradiation under perpendicular angle of laser beam incidence for consecutive study of treatment through a micro-metre slit (process of the mask construction is schematically described in Figure 5 ). The ripple pattern on the sample irradiated through a contact mask was observed. A larger scale scan (from laser confocal microscope) of the laser irradiated surface confirms good homogeneity of the irradiated areas under the slits. On the sample irradiated through a contact mask, a secondary wave-like structure can be observed, most noticeably on the sample irradiated with laser fluence of 6 mJ cm -2 ( Figure 6 ). This secondary structure suggests that part of the irradiation is reflected between the surface of the polymer and the contact mask, thus allowing it to reach shielded areas and interact with the primary radiation, causing interference patterns to form on the surface under the slits. Also a secondary periodicity under excimer laser irradiation was observed earlier as an effect of laser treatment of polymer substrates [13] . 
Figure 6
The surface morphology of a sample irradiated through a contact mask (laser fluence of 6 mJ cm -2 , 6000 pulses) (a), and the morphology of a transitional area between an irradiated and a shielded surface (laser fluence of 8 mJ cm -2 , 6000 pulses) (b) (see online version for colours)
Conclusions
Modification of PEN surface by the excimer laser in dependence on the angle of laser beam incidence to the sample was studied. Selected PEN samples were also tested for irradiation with the use of the 20 µm mask. The influence of number of excimer laser pulses and fluence in combination with angle of laser beam incidence on surface morphology of PEN was investigated. The optimal input parameters for nanopatterns with high periodicity were determined. The shape and the surface roughness of the ripple pattern depend strongly on the angle of incidence of the laser beam. The surface roughness and ripple width increases with the angle of laser beam incidence. Irradiation with laser leads to changes in chemical composition of the PEN surface layer. Even for number of pulses in the stage of pattern formation a significant increase of carbonyl and carboxyl groups was detected. Possibility of ripple pattern construction owing to irradiation of the polymer through a contact mask was confirmed. These nanostructures may find strong applications in the field of biosensor construction or after metallisation for the construction of surfaces for surface enhanced Raman scattering analysis (SERS).
